The influence of varying the ionic strength of the bathing solution on the contraction of chemically skinned frog atrial muscle fibers was studied. The rate of tension development activated by calcium slows as the ionic strength is elevated. The size of caffeine contracture, however, was larger in the fiber preloaded with calcium at a higher ionic strength.
as the ionic strength is elevated. The size of caffeine contracture, however, was larger in the fiber preloaded with calcium at a higher ionic strength.
There was a decrease in the maintained tension at 10-6 M Ca when a fiber was bathed in a high ionic strength solution. Returning to a normal ionic strength solution caused a transient tension increase. When the fiber was bathed in a low ionic strength solution, the maintained tension increased transiently to a high value and then declined to reach a plateau.
The response was also observed in a solution of pCa 8. In the caffeine-treated fiber or in the fiber bathed in ATP free solution, although the maintained tension level was changed corresponding to the altered ionic strength, the transient responses were blocked. These responses were not much influenced by the kinds of salts used to change the ionic strength. When osmolarity of the medium was altered by sucrose, transient responses were not induced.
The results could qualitatively explain the isometric tension change of an intact fiber of frog atrium bathed in a hyper-or hypotonic solution.
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Results presented in the preceding paper (OHBA et al., 1984) suggest that hypotonicity affects the myocardial contractility through the hydration of muscle cells. It has also been shown that hypertonicity causes the dehydration in the frog atrium (KAWATA et al., 1983) and ventricle (KAWATA and KAWAGOE, 1975) . These hydration and dehydration were expected to decrease and increase the intracellular calcium content and then modify the contraction of myocardium (KAWATA and KAWAGOE, 1975; CHAPMAN, 1978; KAWATA et al., 1983; OHBA et al., 1984) . However, there are some unsolved changes in the resting tension which are not deduced to the proposed mechanisms, i.e., the increased resting tension in the strongly hypertonic medium was insensitive to [Ca] o, the hypotonic solutions elevated the resting tension, and the elevation was even augmented in the Ca free hypotonic solution. It may now be asked whether these hydration and dehydration alter only the [Ca]1 through which the contractility of myocardium was affected.
In skeletal muscles, the effect of osmolarity change on the contractility of intact muscle was opposed to that on heart muscles, i.e. skeletal muscles bathed in hypertonic solutions produce less contractile tension than muscles in normal tonicity solutions. Moreover, the effects of changing the osmolarity of bathing solution on the internal contractile system have been studied more directly utilizing skinned fibers (GORDON et al., 1973; THAMES et al., 1974; ENDO and THORENS, 1975; GULATI and PODOLSKY, 1978; JULIAN and MOSS, 1981) . These researches reported that the tension alters as an inverse function of the ionic strength and it affects in the same way as obtained with intact muscle fibers.
Thus the author tried to elucidate whether or not the effects of ionic strength and of osmolarity on the skinned cardiac muscle are similar to those obtained in the skeletal muscle.
MATERIAL AND METHODS
A thin single trabecula (80-100 ,um in diameter) was isolated from the atrial wall of frogs (Rana catesbeiana); one end of the fiber (1-1.5 mm long) was pinned down in a rapid perfusion chamber and the other end was hooked to the head of a strain gauge transducer (Minebea, Co. Ltd., UL-2GR). The fiber was stimulated at 0.2 Hz by passing current through platinum electrodes placed on either side of the preparation. Thus the muscle fiber was equilibrated for at least 1 hr in the Ringer solution containing: NaCI, 85 mM; KCI, 5 mM; CaCl2, 2 mM; MgCl2, 2 mM; HEPES (N 2-hydroxy-ethylpiperazine-N'-2-ethanesulfonic acid), 5 mM; and glucose, 10 mM. This solution was kept saturated with 100% 02 and the pH of the solution was adjusted to 7.0 with NaOH. After the equilibration the preparation was slightly stretched until the resting tension was not greater than 0.02 mN (MOISESCU and THIELECZEK,1978; IIN0,1981) . The tension, a signal of which was low-pass filtered at 10 Hz, was displayed on a storage oscilloscope (Tektronix, 7313) and recorded on a thermal pen recorder (San-ei Sokki, 8K).
To obtain skinned fibers, the detergent saponin was used. Saponin is useful to destroy the surface membranes of multicellular preparations such as cardiac muscle fibers while leaving the sarcoplasmic reticulum (SR) intact when the concentration of saponin and the time for treatment were appropriate (ENDO and KITA-ZAWA, 1978) . Before skinning, the muscle fiber was perfused with the relaxing solution consisting of 85 mM potassium methane-sulfonate (KMS), 6.33 mM MgCl2, 20 mM HEPES, 3.63 mM Na2ATP, and 5 mM EGTA (ethylene glycol bis . Then 100 µg/ml of saponin was added to the relaxing solution and perfused for 5 min. The concentration and the time for perfusion of the drug were carefully determined so that the deterioration in the preparations could be minimized. Also such a short period treatment with saponin was tested on the guinea-pig papillary muscle, although the concentration of saponin was 500 , tg/ml, and the same results were obtained as in a treatment with 50 µg/ml saponin for 30 min (ENDO and KITAZAWA,1978) . The effectiveness of saponin to eliminate the sarcolemma as a permeability barrier was comfirmed by comparing the tension development in a low pCa (-log [Ca] ) activating solution (calculated to have free Ca of 10-5 M) before and after the saponin treatment. After the treatment, the amplitude of tension elicited by the solution of pCa 5 was comparable to that of intact fibers elicited by the 5 mM Na-90 mM K Ringer solution, although the development of tension was slower in the former than in the latter. However, the rate of tension development induced in the solution of pCa 5 buffered with 5 or 10 mM EGTA was fast enough to be comparable to that in the 5 mM Na-90 mM K Ringer solution.
Tension activating solutions were different from the relaxing solution in that they contained 6 mM MgCl2, 0.1 mM EGTA, and appropriate concentrations of CaCl2 and KMS (also used to adjust ionic strength). The low concentration of EGTA as a calcium buffer used in the present study is suitable to study the effect of caffeine on the SR (ENDO and KITAZAWA,1978) . In the tension activating solution, the contaminated Ca concentration was estimated to be 3-4 ,uM from the specification for various chemicals. Free Ca ion concentrations of solutions at pH 7.0 were calculated using apparent association constants (M_1): 2.516x 106 for CaEGTA, 4.441 x 103 for CaATP, 29.374 for MgEGTA, and 9.984 x 103 for MgATP. The apparent association constants corresponding to a particular pH were calculated using the equations stated by BLINKS et al. (1982) . Absolute stability constants used for the calculation of apparent association constants referred to the values listed in Table 1 by FABIATO (1981) for skinned cardiac cells. Thus the pMg of 2.6 and pMgATP of 2.46 were expected to be constant for all solutions at pH 7.0 and ionic strength of 0.16 M, although a negligible error will appear since the binding of either K or Na to either ATP or EGTA was neglected in the calculation (FABIATO and FABIATO, 1979) .
Normally, the ionic strength was changed by adding the major salt, KMS of 0.03 M, to or reducing the one from the control ionic strength solution (0.16 M). Although the apparent association constant for CaEGTA changes when the ionic strength of solutions was varied, increase in the ionic strength by 0.03 M used here will decrease the pCa only by 0.02 (calculated according to the equation referred to by HARAFUJI and OGAWA, 1980 and to Table 1 shown by FABIATO and FABIATO, 1979) . Since the error is negligible, i.e. giving only 1 % increase in the relative tension at around pCa 6 (see Figs. 3 and 6) , the correction of the association constant for the ionic strength was not made. All solutions were warmed by thermoelectric heat pump (Cambion 3951), mounted underneath the chamber, to about 22°C just before perfusing in the experimental chamber, and the temperature of solution flowing out of the chamber was monitored. pHs of all solutions, except the normal Ringer solution, were adjusted to 7.00±0.01 with KOH at this temperature. Although the tension responses to the activating solutions gradually declined during the course of the experiments, the presence of an ATP-regenerating system (creatine phosphate, 10 mM and creatine phosphokinase, 50 U/ml) did not improve the deterioration in the tension development of the skinned fibers of frog atrium. All experiments were carried out within 1 hr or so after the perforation of cell membranes by saponin.
Saponin was obtained from Merck Co. Both Na2ATP and HEPES were purchased from Sigma Chemical Co. KMS was obtained from Tokyo Kasei Ind. Co., Ltd., and the other chemicals, all highest grade, were obtained from Nakarai Chemical Ltd.
RESULTS
Effects of lowering the ionic strength of solutions at pCa 8 Figure 1 shows the effect of lowering the ionic strength by withdrawal of 30 mM KMS from the solution of pCa 8 on tension development of a skinned fiber. After the SR had been loaded with calcium by the perfusion of activating solution of pCa 5 for 1.5 min, lowering the ionic strength by 20% of the normal ionic strength in- duced a transient contraction and followed by a maintained fairly steady tension. Although a second perfusion of the lowered ionic strength solution induced only the maintained steady tension, when the SR had been reloaded with calcium, lowering the ionic strength could induce the transient contraction again (Fig. 1A ). An application of caffeine (20 mM) containing solution of pCa 8 also induced a transient contraction. When the perfusion of low ionic strength solution followed the perfusion of caffeine, however, the transient contraction but not the maintained steady tension was suppressed (Fig. 1B) .
Tension activation and caffeine contracture in various ionic strength solutions Figure 2 shows the tensions developed by an activating solution of pCa 6.13
perfused for 5 min in the varied ionic strength medium and by the following application of caffeine (30 mM) containing solution of pCa 8 for 1 min at the normal ionic strength (B). The rate of tension development activated by the solution of pCa 6.13 was slowest in the high ionic strength solution and a transient contraction induced by 30 mM caffeine was largest after loading the SR with calcium in the highest ionic strength solution (A).
Tension change by ionic strength in the activating solution of pCa 6.0 Figure 3 shows the tension changes induced by increasing and decreasing the ionic strength of the activating solution. After the tension developed by a solution of pCa 6 reached the steady level, increasing the ionic strength by 0.03 M reduced the extent of steady developed tension and switching back to the control ionic strength solution induced a transient contraction. Decreasing the ionic strength induced initially a large transient contraction and then a maintained steady tension. The interval, 3 min between the perfusions of low and high ionic strength solution, is enough to reload the SR with Ca at pCa 6 since the perfusions of low ionic strength solution for 2 min every 3 min could elicit the transient contraction repeatedly. The change in steady tension induced by changing the ionic strength amounted to about 15 % of the maximally developed steady tension at pCa 6. Figures 4 and 5 illustrate such tension changes only at steady tension level activated by a solution of pCa 6. Figure 4A shows the control tension changes induced by the varied ionic strength. When the ionic strength was changed after the fiber (Fig. 4B ). These transient contractions were also abolished when ATP had been omitted from the activating solution (Fig. 4C) . However, both the decreased and increased changes in the steady tension level which would be induced by raising and lowering the ionic strength, respectively, still remained (Fig. 4B, C) . These transient contractions could be elicited again when ATP was added or caffeine was withdrawn (not shown).
Effect of various agents used for changing the ionic strength on the tension In the previous experiments the salt used to change the ionic strength was KMS; however, in Fig. 5 different agents were used to check whether the tension change with the varied ionic strength depends on the agents deducted or added. A part of KMS (30 mM) has been replaced by 30 mi KCl (B), 30 mM choline Cl (C), and 60 mM sucrose (D) preliminarily, and these substituted salts and sucrose were added or eliminated to change the ionic strength and osmolarity, respectively. Although the transient contraction on returning to the control ionic strength was not seen in this fiber, on lowering the ionic strength the initial transient contraction was induced regardless of the kinds of salts withdrawn (A, B, and C). Since the ionic strength is not expected to change with the change in the concentration of sucrose, the transient contraction was not induced with it, however, the change in steady tension was induced steadily but slowly (D).
Tension pCa relationship and change in twitch Figure 6 shows the relative tension-pCa relation obtained in a skinned fiber. Inset shows the changes in twitch at the steady state induced by changing the osmolarity of extracellular solutions before the muscle fiber is chemically skinned. The amplitude of twitch increased to twice the control by a hypertonic solution (130 of normal tonicity) and decreased to half of the control by a hypotonic solution (70% of normal tonicity). Inferred values of pCa from the graph corresponding to peak amplitudes of twitch modified by the osmolarity were 6.39 for normal tonicity, 6.32 for hypertonicity, and 6.45 for hypotonicity. Thus about 60 nM change in the free calcium concentration was expected with the change in tonicity of 30 if the curve does not shift with the change in ionic strength (see DISCUSSION).
DISCUSSION
The present study on skinned cardiac muscle fibers showed that a decrease in ionic strength increased the speed of force development and the steady developed force, and that an increase in ionic strength decreased these while switching the solution of higher ionic strength to that of the lower one induced a transient contraction.
Since there was a decline in tension generation with each contraction, even when the ATP-regenerating system was included in the bathing solutions, the data collected in the present experiments were analyzed qualitatively.
Thus it
was not ready to differentiate the effect of ionic strength on the SR from that on the contractile system. when the ionic strength was lowered in the activating solution of pCa 6 either containing 30 mM caffeine or omitting ATP. An application of 30 mM caffeine in the presence of 0.1 mM EGTA could deplete Ca from SR almost completely in guinea-pig papillary muscle (ENDO and KITAZAWA, 1978) . Moreover, the transient contraction disappeared in a highly buffered (5 mM EGTA) solution (not shown), which suggests that there was a release of additional Ca from internal stores during the transient contraction (FABIATO and FABIATO, 1975) . Thus the transient contraction may be attributable to a rapid release of calcium previously sequestered by the SR. Therefore the transient increase in twitch and in resting tension of intact fibers would be elicited by exposure to a hypotonic solution or by switching back to an isotonic solution from a hypertonic solution (KAWATA et al., 1983; OHBA et a!.,1984) . The mechanism by which the calcium is released by lowering the osmolarity is not quite clear. ENDO and THORENS (1975) have shown a similar transient contraction of skinned skeletal muscle fiber, responded to reducing the concentration of the main salt by 30 mM in a relaxing solution, and concluded that hypotonicity is the cause of the release of calcium. MoBLEY (1979) showed that both swelling of the SR and changes in the electrical potential of its membranes can cause release of Ca and elicit contractures in skinned fibers. When as little as 50 mM sucrose was included in the aqueous solution, the SR was prevented from swelling but calcium uptake was depressed only by 30 % in the presence of 200 mM sucrose (ASAYAMA et a!., 1983) . The presence of sucrose in the Ca uptake medium prevents spontaneous release of Ca and increased the steady-state Ca-loading capacity of SR (BEELER, 1983) . In the present work, however, lowering the osmolarity of activating solutions by omitting the nonelectrolyte, sucrose, did not induce the transient contraction. Although it is probable that the withdrawal of salt directly influences the charge located on or near the surface of the SR membrane (CASWELL and BRANDT, 1981) , quantitative experiments will be necessary to elucidate the Ca-releasing action from the SR by lowering the ionic strength in cardiac muscles.
There was an increase in both the steady-state tension and the rate of tension development of cardiac skinned fiber bathed in a solution of low ionic strength. This change in the steady-state tension occurred even in the solution of pCa 8 and in solutions from which ATP was omitted, or containing caffeine. Thus these tension changes appear to be independent of calcium. It might be argued that increased Ca-uptake by the SR in the high ionic strength solution will decrease the Ca-activated tension. However, it is not plausible since the decrease in Ca-activated tension occurred in the solution of pCa 5.5 buffered with 5 mM EGTA (not shown). In skinned skeletal muscle fibers, modulation in conctractile protein interaction by the change in ionic strength of bathing medium has been discussed (CORDON et al., 1973; THAMES et al., 1974; GULATI and PODOLSKY, 1978; JULIAN and Moss, 1981; YANAGIDA et al., 1982) . Since the rate of change in steady state tension was somewhat slower with the change in sucrose concentration than with the other salts, viscosity change may be responsible for the depression of tension in high ionic strength, as was suggested by ENDO et al. (1979) . These phenomena resemble the change in resting tension of intact frog cardiac muscles with the osmolarity change in a 0 Ca solution (KAWATA and KAWAGOE,1975; OHBA et a!., 1984; Fig. 4) .
The dependence of the tension-pCa relation on the ionic strength was not investigated since the skinned atrial muscle fiber of frog seemed to deteriorate with repeated contractions to obtain the tension-pCa relation curve, as ENDO et al. (1982) have reported on the smooth muscle. It has been indicated that the relationship between relative tension and pCa is not significantly influenced by moderate changes in ionic strength in the fibers from barnacle (ASHLEY and MolsEscu, 1977) , frog skeletal muscle (JULIAN and Moss, 1981) , and guinea-pig taenia caeci (IINo,1981) .
Finally, the contraction elicited by the normal ionic strength solution containing 30 mM caffeine was bigger when the SR was loaded with calcium under higher ionic strength. Since the bigger contraction was elicited even when caffeine was applied under high ionic strength (not shown), Ca-releasing action of caffeine may not be influenced by the ionic strength. Thus it would be reasonable to assume that in the hypertonic solution more Ca can be sequestered in the SR and that the steady amplitude of twitch was much larger in the solution of higher tonicity (KAWATA et al., 1983 : OHBA et al., 1984 
